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INTRODUCTION 
X-ray computed tomography (Cn provides a powetful capability of visualizing the 
internal characteristics of an object. The technique has been well proven as a diagnostic tool 
in medical applications since the introduction of the first CT system in 1971 [1-3]. The use 
of CT as a tool for industry has not matured in the same way; many unique capabilities of 
this NDE modality are not being utilized. The Materials Directorate of the Wright Laboratory 
at Wright-Patterson Air Force Base sponsored the program "Computed Tomography 
Applications Development" to assess a variety of applications for CT as a nondestructive test 
and measurement technique. Several applications of CT for castings were identified as some 
of the most promising [4-6]. These applications include locating and characterizing porosity 
and other flaws, comparing as-cast part dimensions with design dimensions, and providing 
dimensional measurements for reverse engineering. This paper examines the application of 
CT to the problem of comparing internal dimensional measurements with critical design 
dimensions. 
Castin~s 
Castings have increasingly been used in aerospace applications due to the practical 
and economic advantages they offer in tenns of near net shape manufacturing. Highly 
complex geometries can be produced with very intricate internal passages that traditionally 
require extensive machining and fabrication techniques. Dimensional characterization of 
these internal features is both costly and time consuming by conventional methods. 
Destructive testing is usually required; a part is sectioned open to expose internal details. 
Physical measurements are acquired using conventional methods and instrumentation. 
Usually, inspection of several components is required for validation of manufacturing 
processes and continued verification of long tenn process stability. 
Computed TomofiTaphy 
Most people are acquainted with conventional radiography. Medical procedures 
ranging from a chest X ray of the heart and lungs to a dental X ray of tooth decay use film 
radiography. The images created in conventional radiography represent a collection of X-ray 
attenuation measurements. 
A ray path through an object can be considered to be comprised of a number, n, of 
volume elements. A large number of X-ray photons, No, impinge upon the object. As the 
beam penetrates the line of volume elements, a certain number of photons interact with the 
material. This interaction is described by the linear attenuation coefficient of the material, 11. 
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The remaining intensity of the X-ray beam exiting the material, N, is then measured. This is 
illustrated in Figure 1. Thus, each pixel in a radiograph represents a sum (or line integral) of 
X-ray attenuation measurements. Computed tomography differs from radiography in that 
attenuation information of individual volume elements are extracted from a set of attenuation 
measurements gathered from many angles around the object. Pixels in a CT image represent 
individual volume elements rather than lines of volume elements. 
Conventional radiography superimposes the images of internal features in an object. 
Typically, the whole object or a substantial portion of the object is represented in a single 
image. Computed tomography employs finely collimated X-ray beams to inspect planes 
within the object. CT images correspond to faithful reconstructions of cross-sectional 
profiles, much like a single slice of bread from within a loaf of bread. Internal features are 
not superimposed; valuable information on material properties and dimensional 
characteristics of the object are preserved. Figure 2 illustrates a comparison of CT and 
conventional radiography. 
Extracting dimensional characteristics from CT data is not trivial. All CT images 
inherently include a degree of blurring. Due to such limitations as finite beam width, the 
ideal image is convolved with a Gaussian-like function called the point-spread-function 
(PSF). The PSF has two major effects on CT imagery: small objects appear larger, and 
sharp boundaries appear diffuse [7]. Therefore, an abrupt density change in the object (such 
as from air to thin wall and back to air) is described in the CT data as a curve, not a step. 
Figure 3 shows a typical density profile along a line through a thin wall region. The 
measured thickness of the wall depends on where the transition between air and wall 
material is defined. A common approach to extracting a measurement from such a profIle is 
to measure the width of the profile at half of its maximum value. 
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Figure 1. X-ray attenuation. Attenuation along a path is the sum of the attenuation from 
individual elements. 
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Figure 2. Comparison of CT and conventional radiography. 
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Figure 3. Typical density profile through a thin wall region. 
The CT-based measurement methodology described below was applied to a 
complicated aluminum sand casting designed to function in gas turbine engines as a highly 
sophisticated fuel control valve. The unit provides metered fuel for engine power and 
utilizes fuel to regulate the activation of mechanical controls and accessories vital for engine 
operation. The casting is approximately I cubic foot in size, 30 lbs. in weight, and contains 
numerous internal passages. Two of these passages are separated by a thin wall whose 
minimum thickness is the feature of interest to be measured. Figure 4 shows a typical CT 
image through the thin-wall region. 
CT data for this study were acquired using the LAMIDE CT system installed at the 
Wright Laboratory, Materials Directorate. LAM/DE is a second generation CT scanner that 
has been operational since 1989. The system allows inspection of components with physical 
dimensions of 600 mm in diameter, 400 rum in height and up to 250 lbs. The radiation 
source is a Seifert 420-kV X-ray tube. Typical CT scan times for the system range from 15 
to 30 minutes with an optimum resolution of 0.250 mm. For this study a pixel size of 0.33 
rum in a 1024 x 1024 image were used. CT scan times were just under 20 minutes. 
Quantitative dimensional measurements from CT data must account for the point 
spread function of the system employed. Often a feature is measured using a method related 
to the full width at half maximum (FWHM) of the feature's profile. The FWHM approach 
penalizes the wall measurement in accuracy and confidence due to a couple of limitations. If 
a thin wall is measured using a FWHM routine, wall measurements are sensitive to object 
placement. The wall is described by only a few pixels (as in Figure 3); even a slight change 
in placement will effect the width of the profile. The technique is also susceptible to noise. 
In Figure 3, the maximum value is described by a single pixel. Variations in the maximum 
value due to noise in one pixel can have a dramatic effect on the end measurement. For this 
study, a sophisticated algorithm developed by ARACOR was employed which proved to be 
more robust than the FWHM technique. 
To insure quality of the CT imagery and to provide a comparitor, a calibration 
phantom machined of the same material as the casting was used. The phantom provides a 
circular cross-section in the CT images with a wall thickness close to the minimum 
allowable for the casting. Once the CT image is acquired, the region containing the thin wall 
is defined. A contiguous set of profiles across the thin wall is generated for the region. The 
measurement algorithm analyzes the profiles and extracts the wall measurements. The 
minimum measurement from the region is recorded. The measurement is then adjusted by 
comparison to the measurement of the calibration phantom. 
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Figure 4: CT image showing thin wall region. 
Figure 5: Transverse CT image showing a cored passage in cross-section with a centerline 
below the CT scan plane. 
Due to the complexity of the casting used in this study, additional work was required 
to determine a true measure of the minimum wall thickness. The thin wall was formed by a 
cored passage that lies near a ledge feature. The CT scan plane for the thin wall 
measurement was oriented at a fixed position just above the ledge surface. The passage 
varies both horizontally and vertically relative to the ledge. Thus, for a given casting, the CT 
plane could be through, above, or below the centerline of the cored passage. If the centerline 
of the passage is not in the scan plane, the measurement in the scan plane is larger than the 
true minimum. CT data from a transverse plane was used to measure the position of the 
passage centerline (see Figure 5). A cosine correction based on the relative positions of the 
scan plane and the centerline of the passage is then applied to provide an adjusted minimum 
wall thickness measurement. 
To endorse the procedure as a viable measurement technique, confidence intervals 
must be determined. Statistical confidences can be applied by repeating the measurement 
process a number of times and comparing the results. Measurements of the thin wall from 
21 unique CT images were acquired. The casting was removed from the CT system and 
remounted for each scan to insure unique data sets. The calibration phantom was also 
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removed and replaced between scans. Failure to include the mounting process as part of the 
statistical test would bias the results to more uniformity. A slight variation in the placement 
of a part produces different artifact fields in a CT image. No measures were taken to place 
the casting in exactly the same location. After obtaining results for the first casting, a second 
casting was tested in the same manner. 
RESULTS 
The adjusted measurements (in inches) from the 21 independent CT scans of two 
different castings are shown in Table 1. The measurements from the calibration phantom are 
also shown. The standard deviation for each set of measurements is about 0.001 inches (1 
mil). Thus, wall measurements from CT data can be determined with a three-sigma 
confidence of about ± 0.003 inches. 
Following the CT measurement of the two castings, the manufacturer measured the 
thin wall regions using conventional methods. The castings were sectioned open and the 
thin wall region was incrementally milled and measured. The results are shown in Table 2. 
Both measurements were within the three sigma confidence interval. 
Table 1. Thin wall measurements (in inches) through two castings and the calibration 
phantom. 
CASTING A CASTING B 
Scan 
Number Wall Phantom Wall Phantom 
1 0.057 0.048 0.023 0.049 
2 0.058 0.050 0.020 0.048 
3 0.061 0.047 0.022 0.048 
4 0.056 0.049 0.023 0.049 
5 0.059 0.048 0.022 0.048 
6 0.056 0.049 0.021 0.048 
7 0.057 0.049 0.023 0.048 
8 0.055 0.050 0.021 0.047 
9 0.057 0.049 0.021 0.048 
10 0.058 0.049 0.023 0.049 
11 0.056 0.049 0.021 0.048 
12 0.056 0.049 0.021 0.050 
13 0.057 0.049 0.019 0.050 
14 0.056 0.048 0.021 0.048 
15 0.059 0.048 0.022 0.050 
16 0.053 0.050 0.024 0.047 
17 0.056 0.049 0.023 0.047 
18 0.057 0.047 0.021 0.047 
19 0.057 0.048 0.022 0.048 
20 0.057 0.048 0.022 0.048 
21 0.058 0.048 0.021 0.049 
Mean 0.0571 0.0486 0.0218 0.0483 
St. Dev. 0.0011 0.0009 0.0012 0.0010 
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Table 2. Comparison of final CT wall thickness measurements with measurements obtained 
through destructive evaluation. 
CASTING A CASTING B 
CT Measurement 0.057 ± 0.003 0.022 ± 0.003 
Cut-up Evaluation 0.057 0.020 
CONCLUSIONS 
The research presented in this paper demonstrates the utility of CT in acquiring 
internal dimensional measurements in complex castings. Dimensional measurements of an 
internal thin wall were obtained from CT imagery with 0.013 inch pixels with a standard 
deviation of about 0.001 inch (1 mil). The confidence interval of the measurements would 
vary with the pixel size. An order of magnitude improvement in the resolution and pixel size 
should result in an order of magnitude improvement in the standard deviation of the 
measurements. Typical CT scan times for this study were just under 20 minutes each. If the 
confidence in the measurements shown here is not required, the scan times could be 
significantly reduced. 
Using CT for dimensional measurement has several advantages over conventional 
methods of dimensional characterization. CT is nondestructive; internal features can be 
measured without losing the asset. CT dimensional characterization can be performed 
without part-dependent programming as is common with coordinate measuring machine 
methods. The measurement procedure can easily be applied to a wide variety of objects with 
vruious geometries and material compositions. CT imagery can be collected in times ranging 
from a few minutes to a few hours. A tremendous cost savings over conventional methods 
is realized with CT analysis; parts are preserved, programming time is not required, and CT 
analysis of a complex part can be done in a matter of several hours. 
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